T he mucosal surfaces are primary sites that many virus and bacteria invade to establish infection. To prevent such microorganism transmission across the mucosal epithelium and dissemination to the regional lymph nodes or target organ, much effort has been focused on the development of a mucosal vaccine because oral or nasal immunization elicits both mucosal and systemic immune responses (1) (2) (3) . Such responses include secretory IgA and IgG Abs that are reported to mediate microorganism neutralization and prevent adhesion to the epithelium. In addition, induction of CTL responses may be essential for virus clearance from mucosal tissue to prevent virus dissemination if the mucosal barrier is destroyed (4, 5) .
It has been shown that mucosal delivery of soluble Ag alone is insufficient for the induction of sufficient levels of Ag-specific immune responses. In this respect, various attempts have aimed to improve the efficacy of mucosal vaccines using mucosal adjuvant (6 -8) or Ag delivery systems (9, 10) . We have developed fusogenic liposomes, consisting of liposomes fused with Sendai virus, attached and fused cells, and delivered their encapsulated protein and plasmid DNA into the cytoplasm of the attached cells (11) (12) (13) . We also reported that s.c. immunization with Ag-encapsulated fusogenic liposomes induced Ag-specific CTL responses at systemic lymphoid tissues in a MHC class I-dependent manner (14) in addition to Ag-specific Ab production in sera (15) . Because Sendai virus naturally infects via the mucosal epithelium (16, 17) , fusogenic liposomes may effectively deliver the Ag to the mucosal immune system and induce Ag-specific mucosal and systemic immune responses.
The present study demonstrates the effectiveness of fusogenic liposomes as a new and novel nasal vaccine vehicle with which to generate optimal nasopharyngeal-associated lymphoreticular tissue (NALT) 3 -mediated mucosal as well as systemic immune responses.
Materials and Methods

Mice and cell lines
Female C57BL/6 and BALB/c mice (7-10 wk old) were purchased from Charles River Breeding Laboratories (Yokohama, Japan). The CD4 ϩ T cell hybridoma, 3A9, specific for peptide 46 -61 of hen egg white lysozyme (HEL) in the context of I-A k , was provided by Dr. P. Allen (Washington University, St. Louis, MO) (18) . MODE-K, an intestinal epithelial cell line, was provided by Dr. D. Kaiserlian (Institute Pasteur, Lyon, France) (19) . IL-2-dependent CTLL-2 cell was a kind gift from Dr. T. Hamaoka (Osaka University, Osaka, Japan). EL4, a C57BL/6 mice-derived T lymphoma, was obtained from Tohoku University (Sendai, Japan). EG7, which is a chicken egg OVA gene-transfected clone of EL4 and which presents OVA with MHC class I molecules, was obtained from the American Type Culture Collection (Manassas, VA) (20) .
Preparation of fusogenic liposomes
Fusogenic liposomes were prepared as described previously (14, 15, 21, 22) . Briefly, lipid mixture (L-␣-dimyristoyl phosphatidic acid/phosphatidylcholine/cholesterol in a molar ratio of 1:4:5) was dissolved in chloroform (Sigma, St. Louis, MO). The solvent was subsequently evaporated to obtain a thin lipid film. Conventional liposomes were prepared by dispersing the thin lipid film with a given amount of FITC-labeled dextran (50 mg/ml), OVA (100 mg/ml), or HEL (50 mg/ml) solution using a vortex and freeze-thaw method, and sized by extrusion through a 400-nm polycarbonate membrane. Sized liposomes were mixed with UV-inactivated Sendai virus and incubated at 37°C for 2 h with shaking. Fusogenic liposomes were finally purified by sucrose step centrifugation (24,000 rpm, 2 h, 4°C).
In vitro uptake analysis using confocal microscopy MODE-K cells were cultured overnight. After removing the supernatant, various FITC-dextrans (100 g/ml) were added, and the cells were cultured for 1 h at 37°C, washed, and observed using a confocal microscope (BioRad, Hercules, CA).
Ag presentation assay
Ag presentation was assayed as described (19) . Briefly, macrophages isolated from peritoneal exude cells or IFN-␥-treated (50 U/ml for 3 days) MODE-K cells were cultured with 50 g/ml mitomycin C at 37°C for 45 min. The cells were washed and incubated for 2 h at 37°C (5 ϫ 10 4 cells/ well). Various concentrations of HEL (0.1, 1, 10, 100 g/ml) or OVA (100 g/ml) in fusogenic liposomes were added and cocultured for an additional 5 h. After incubation, the cells were washed, and HEL-specific T-T hybridomas (3A9 cells) were added (5 ϫ 10 4 cells/well). After 24 h of culture, the supernatants were collected, and IL-2 production in the supernatants was quantified using an IL-2-dependent CTLL-2 cell line.
Analysis of MHC class II expression on epithelial cells
To determine whether fusogenic liposomes enhance MHC class II expression of epithelial cells, MODE-K cells were cultured with the same lipid concentration of fusogenic liposomes, conventional liposomes, or Sendai virus for 48 h. Following three washings, cells were incubated with anti-CD16/32 (Fc block; BD PharMingen, San Diego, CA) for 15 min at room temperature and then stained with PE-labeled anti-I-A k Ab (BD PharMingen) for 30 min at 4°C. These cells were washed three times and analyzed by flow cytometry analysis using a FACScan flow cytometer (Becton Dickinson, Mansfield, MA).
Isolation of mononuclear cells
Mononuclear cells from the nasal passages, NALT, mesenteric lymph nodes (MLN), intestinal lamina propria, cervical lymph nodes (CLN), and spleen were isolated as previously described (7, 8, 23) . In brief, mononuclear cells from NALT and nasal passages were prepared as follows. Pearshaped NALT was removed from the palate. After the removal of NALT, the nasal passages were also isolated from the nasal cavity. Mononuclear cells from the CLN, MLN, and spleen were also isolated using mechanical dissociation. Intestinal lamina propria mononuclear cells were isolated by an enzymatic dissociation procedure with collagenase type IV (Sigma).
In vivo Ag distribution assay
Mice were nasally administered with various formed FITC-dextrans (5 mg/ml; Sigma). After 1 h, mononuclear cells were isolated from NALT and nasal passages as described above, then epithelial cells were purified by discontinuous Percoll gradient centrifugation (25 and 40%) according to the method described previously (24) . Mac-1 ϩ cells were detected using a PE-labeled anti-Mac-1 Ab (Caltag, Burlingame, CA). Fluorescence-positive cells were measured using a FACScan flow cytometer.
Immunohistological analysis using confocal microscopy M cells were detected using whole-mount staining with the M cell-specific lectin, ulex europaeus agglutinin-1 (UEA-1; Vector Laboratories, Burlingame, CA) (25, 26) . One hour after nasal administration with fusogenic liposomes containing FITC-dextrans, palates were dissected and fixed with 4% paraformaldehyde at 4°C for 4 h. The specimens were then blocked with diluted (2ϫ) Block Ace (Dai-Nippon Pharmaceutical, Osaka, Japan) for 1 h at room temperature and then stained with PBS containing rhodamine-labeled UEA-1 (20 g/ml) for 2 h at room temperature. The specimens were finally washed and examined by a confocal microscope.
Immunization
Mice were nasally immunized with 10-l aliquots of fusogenic liposomes or conventional liposomes containing 50 g of OVA on days 0, 7, and 14. Another group of mice was nasally immunized with OVA alone.
Proliferative responses of Ag-specific CD4
ϩ T cells Seven days after the final immunization, lymphocytes were obtained from spleen, CLN, NALT, nasal passages, and MLN. CD4 ϩ T cells were then purified by using anti-mouse CD4 (L3T4)-coupled microbeads and MACS column (Miltenyi Biotec, Sunnyvale, CA) (8) . Purified CD4 ϩ T cells were cultured at a density of 2 ϫ 10 6 cells/ml with 1 mg/ml OVA in the presence of irradiated (3000 rad) splenic feeder cells (2 ϫ 10 6 cells/ml) at 37°C for 96 h. To measure cell proliferation, 1 Ci of [ 3 H]thymidine was added to individual culture wells 8 h before termination, and the uptake of [
3 H]thymidine by dividing cells was determined by scintillation counting.
Cytokine analysis by ELISA
Cytokine levels in culture supernatants of Ag-stimulated CD4 ϩ T cells were determined by a cytokine-specific ELISA (7, 8) . Briefly, CD4
ϩ T cells obtained from spleen, CLN, NALT, nasal passages, and MLN of the immunized mice were cultured with 1 mg/ml OVA in the presence of irradiated (3000 rad) splenic feeder cells. Culture supernatants were harvested 96 h after incubation, and the levels of Th1 (IFN-␥)-and Th2 (IL-4, IL-5, and IL-6)-type cytokines were determined by cytokine-specific ELISA kit (Amersham Pharmacia Biotech, Piscataway, NJ). The concentration of cytokines was calculated by the standard curves obtained according to the instruction provided by the manufacturer.
Detection of OVA-specific Ab production by ELISA
A standard isotype and Ag-specific ELISA was used in this study (6 -9) . ELISA plates were coated with 10 g/ml OVA in 50 mM bicarbonate buffer. Wells were blocked with 2-fold diluted Block Ace (Dai-Nippon Pharmaceutical) for 1 h at room temperature. After washing four times with PBS containing 0.05% Tween 20 (PBS-T), each diluted serum, nasal washes and fecal extracts were added in duplicate (50 l/well). Serum and fecal extracts from nonimmunized mice were included as controls. Biotinlabeled anti-mouse IgG, IgG1, IgG2a, IgG2b, IgG3, IgM, or IgA (Southern Biotechnology Associates, Birmingham, AL) were used as the detection Ab. Following 8 h incubation at room temperature, plates were washed, and HRP-conjugated strepavidin (Life Technologies, Gaithersburg, MD) was added. The reaction was developed by 3,3Ј,5,5Ј-tetramethylbenzidine (Moss, Pasadena, CA), and color development was terminated after a 15-min incubation by addition of 0.5 N HCl. Endpoint titers were expressed as the reciprocal log 2 of the last dilution, which gave an OD at 450 nm of 0.1 greater than nonimmunized mice.
Detection of OVA-specific Ab-forming cells (AFCs)
Seven days after the final immunization, mononuclear cells were obtained from spleen, nasal passages, and intestinal lamina propria. To assess the numbers of OVA-specific AFCs, an ELISPOT assay was used (6 -8) . Briefly, 96-well nitrocellulose plates (Millititer; Millipore, Bedford, MA) were coated with OVA (1 mg/ml in PBS) and blocked with RPMI 1640 containing 10% FCS. The blocking solution was discarded, and 100 l of cells in complete RPMI 1640 at various dilutions was added. Following 5 h incubation at 37°C, plates were washed three times with PBS and PBS-T. The detection Ab for IgM, IgG, and IgA isotypes conjugated with HRP (Southern Biotechnology Associates) in PBS-T was then added. Following overnight incubation, plates were washed four times with PBS and developed by the addition of 100 l of 3-amino-9-ethylcarbazole dissolved in 0.1 M sodium acetate buffer containing 0.015% H 2 O 2 (Moss) to each well. Plates were incubated at room temperature for 20 -30 min and washed with water, and AFCs were determined by direct counting of spots with the aid of a stereomicroscope.
OVA-specific CTL assay
Seven days after the final immunization, a standard CTL assay was performed (14, 27, 28) . Briefly, in vivo-primed single cells usually were cultured with mitomycin C-treated (50 g/ml) EG7 for 5 days to expand Ag-specific CTLs and were used as effector cells. EL4 and EG7 were labeled with 51 Cr for 60 min and added to serially diluted effector cells in 96-well microplates. After a 4-h incubation, 51 Cr levels in the supernatants were determined using a gamma counter. The specific lysis of target cells was determined as follows: (experimental cpm Ϫ spontaneous cpm)/(maximum cpm Ϫ spontaneous cpm) ϫ 100.
RT-PCR
Seven days after the final immunization, total RNA was isolated from nasal passage lymphocytes (8) . Complementary DNA was synthesized using the standard method and amplified by PCR (8) . After 30 cycles of amplification using specific primers (sense for perforin, GGAATTCAGATCGGAG GATTTTAAA; antisense for perforin, GACTACTGTGCCTGCAG CATC) (29) , the amplified products were separated by electrophoresis in 1.8% agarose gel and visualized with ethidium bromide.
Statistics
The results were compared using Student's t test and Welch's t test. The values were considered statistically significant when p Ͻ 0.05.
Results
Fusogenic liposomes effectively deliver the Ag to NALT
To demonstrate the effectiveness of fusogenic liposomes as a mucosal Ag delivery vehicle, mice were nasally administered with FITC-dextran encapsulated in either fusogenic liposomes (FITCfusogenic liposomes), conventional liposomes (FITC-liposomes), or with FITC alone. One hour later, the fluorescent intensity of epithelial and mononuclear cells isolated from NALT and nasal passages were examined using a FACScan flow cytometer. Both epithelial and Mac-1 ϩ cells isolated from NALT or nasal passages emitted intense fluorescence following nasal administration with FITC-fusogenic liposomes. In contrast, no cells were fluorescent in either the NALT or nasal passages of mice nasally administered with FITC alone or with FITC-liposomes (Fig. 1, A-D) . This finding was also supported by an in vitro study showing intense fluorescence in a mucosal epithelial cell line (MODE-K cells) cocultured with FITC-fusogenic liposomes but not with FITC-liposomes or with FITC alone (Fig. 1, E-H) .
It has been reported that M cells can be recognized by ␣-Lfucose-specific lectin (UEA-1) in the epithelial layer of NALT (25, 26) . These cells are morphologically different from neighboring epithelial cells and specialized for the uptake and transcellular transport of Ags to NALT dendritic cells and macrophages (30 -32) . In this regard, we examined whether or not fusogenic liposomes have the ability to fuse with M cells for efficient delivery of Ag into NALT. Confocal microscopic analysis using rhodaminelabeled UEA-1 revealed that fusogenic liposomes delivered their contents (FITC-dextran) to M cells as well as to neighboring epithelial cells (Fig. 2) .
Fusogenic liposomes can induce MHC class II-restricted Ag presentation and MHC class II expression
Because fusogenic liposomes effectively delivered Ags to mucosal epithelial and Mac-1 ϩ cells, we examined whether the contents of fusogenic liposomes are presented with MHC molecules. MODE-K cells and freshly isolated macrophages were exposed to fusogenic liposomes containing HEL in vitro. The MHC class IIrestricted Ag presentations were briskly noted in macrophages cultured with fusogenic liposomes containing HEL (Fig. 3A) . Furthermore, the Ag presentation ability of IFN-␥-pretreated MODE-K cells cocultured with fusogenic liposomes containing HEL was also similar (Fig. 3B) . In contrast, macrophages and MODE-K cells treated with fusogenic liposomes containing irrelevant OVA did not stimulate HEL-specific T cell hybridoma to synthesize IL-2.
It was also shown that several viruses stimulated the expression of MHC molecules and the production of cytokines and chemokines by infected epithelial cells (33, 34) . In this respect, we found that fusogenic liposomes as well as Sendai virus activated infected epithelial cells to express MHC class II molecules (Fig. 3C) . However, conventional liposomes did not affect the MHC class II expression on epithelial cells (Fig. 3C) .
Fusogenic liposomes induce both Th1-and Th2-type responses
Nasal immunization of Ag with a mucosal adjuvant (e.g., cholera toxin and heat-labile toxin) usually evokes Ag-specific immune responses including Th1-and Th2-type CD4 ϩ T cells in both mucosal and systemic compartments (6 -8) . In this context, we examined the proliferative response of CD4 ϩ T cells from the NALT, nasal passages, spleen, CLN, and MLN of mice nasally immunized with OVA incorporated into fusogenic liposomes (OVA-fusogenic liposomes) against soluble OVA. As shown in Fig. 4 , high levels of OVA-specific proliferative responses were detected in CD4 ϩ T cells isolated from both mucosal (NALT, nasal passages, CLN, MLN) and systemic (spleen) compartments of mice nasally immunized with OVA-fusogenic liposomes. However, OVA-specific proliferative responses were virtually undetectable in mice nasally immunized with OVA using conventional liposomes (OVA-liposomes) or OVA alone (Fig. 4) . This finding demonstrated that nasally administered fusogenic liposomes delivered Ag to and stimulated NALT and associated immune compartments. To characterize Ag-specific CD4 ϩ T cells in the mucosal and systemic tissues of mice nasally immunized with OVA-fusogenic liposomes, Th1 (IFN-␥)-and Th2 (IL-4, IL-5, and IL-6)-specific cytokines production was examined. A large amount of Th1-and Th2-type cytokines were noted in the NALT, nasal passages, CLN, MLN, and spleen of mice immunized with OVA-fusogenic liposomes (Fig. 5) . These findings suggest that fusogenic liposomes can induce both mucosal and systemic Th1-and Th2-type CD4 ϩ T cells without a coadministered mucosal adjuvant (e.g., cholera toxin and heat-labile toxin).
Fusogenic liposomes induce Ag-specific humoral immune responses
We next investigated Ag-specific humoral responses at both mucosal and systemic sites. The OVA-specific IgG responses in the serum of mice nasally immunized with OVA-fusogenic liposomes were significantly higher than those of sera from mice immunized with OVA alone or OVA-liposomes (Fig. 6A) . Consistent with the outcome of the cytokine profile (e.g., IL-4 and IFN-␥) of OVAspecific CD4 ϩ T cells (Fig. 5) , high titers of OVA-specific IgG1, IgG2a, and IgG2b were produced in sera (Fig. 6B) . OVA-specific IgA responses were higher in nasal washes from mice nasally immunized with OVA-fusogenic liposomes than from those immunized with OVA alone or OVA-liposomes (Fig. 6C) . Fusogenic liposomes also induced OVA-specific IgA responses in fecal extracts (Fig. 6D) . Results obtained from analyzing Ag-specific AFCs supported the finding of OVA-specific Ab responses in mucosal secretions and serum. Thus, the numbers of OVA-specific IgA and IgG AFCs were increased in the nasal passages, intestinal lamina propria, and spleen of mice nasally immunized with OVAfusogenic liposomes (Fig. 7) . These findings further emphasize the value of fusogenic liposomes as a novel mucosal Ag delivery vehicle.
Induction of OVA-specific CTL responses
Ag-specific Th1-type responses in addition to Th2-type responses were induced by nasal immunization with OVA-fusogenic liposomes (Fig. 5) . Thus, we examined whether or not fusogenic liposomes can induce MHC class I-mediated OVA-specific CTL responses. CTL activity against EG7 was detected in the spleens of mice immunized with OVA-fusogenic liposomes following in vitro restimulation with Ag (Fig. 8C) . In contrast, spleens isolated from mice immunized nasally with OVA alone or OVA-liposomes did not show OVA-specific CTL activity (Fig. 8, A and B) . In addition, mononuclear cells from CLN and MLN of mice nasally immunized with OVA-fusogenic liposomes also showed OVAspecific CTL activity after in vitro restimulation with Ag (Fig. 8C) . Furthermore, high levels of the mRNA for perforin that is a major cytotoxic molecule of CTL were expressed in the nasal passages of mice nasally immunized with OVA-fusogenic liposomes but not with OVA-liposomes or OVA alone (Fig. 8D) . These findings suggested that nasally administered OVA-fusogenic liposomes induced Ag-specific CTL responses. 
Discussion
It is important to develop novel strategies to induce Ag-specific immune responses at both mucosal and systemic compartments for the prevention of infectious diseases localized at or introduced by mucosal surface (1) (2) (3) . In this study, we demonstrated the potential of fusogenic liposomes as a nasal vaccine vehicle. We previously reported that fusogenic liposomes were composed of conventional liposomes and Sendai virus and attached to the cell membrane using envelope glycoproteins of Sendai virus (11, (13) (14) (15) . In addition, it is well known that Sendai virus naturally infects via mucosal epithelia (16, 17) . In this context, in vivo Ag distribution assay showed that fusogenic liposomes also attached to the nasal epithelia and delivered the encapsulated Ag (Fig. 1, A and C) , according to the high Ag-delivery activity to mucosal epithelial cells in vitro (Fig. 1G) . In contrast, conventional liposomes as well as Ag alone could not deliver the Ag into the nasal immune systems. It has been reported that the conventional liposome is a good candidate as an Ag delivery vehicle, especially for s.c. immunization (27, 35, 36) . However, in the case of mucosal vaccine, the conventional liposome is not effective because mucosal barriers prevent the incursion of the conventional liposome into the nasal immune system.
It has been reported that M cells are morphologically different from neighboring epithelial cells and are specialized for the uptake and transcellular transport of particle Ags and microorganisms from the lumen to the lymphoid follicles (30 -32) . Thus, it seems that M cell is a target cell for the efficient delivery of vaccine Ag into NALT. In this regard, we examined whether or not fusogenic liposomes fused and delivered the Ag to M cells. Confocal microscopic analysis using M cell-specific lectin revealed that fusogenic liposomes delivered the Ag to M cells as well as to neighboring epithelial cells (Fig. 2) . These findings demonstrated that fusogenic liposomes constitute an effective Ag delivery system for M cells, epithelial cells, and Mac-1 ϩ cells in nasal immune compartments.
In this study, it was also demonstrated that Ag delivered by fusogenic liposomes were presented with MHC class II molecules of epithelial cells as well as macrophages (Fig. 3, A and B) . Several studies concerning the Ag presentation ability of mucosal epithelial cells have been reported (37) (38) (39) . These studies showed that epithelial cells had the potential to present Ags via both MHC class ϩ T cells from spleen, CLN, NALT, nasal passages (NP), and MLN were isolated and cultured with 1 mg/ml OVA for 96 h. Cytokine productions in the culture supernatants were determined by the appropriate cytokine-specific ELISA (Ⅺ, OVA alone; o, OVA-liposomes; f, OVA-fusogenic liposomes). Error bars indicate means Ϯ SE for four mice analyzed separately in triplicate assays. ‫ء‬ and ‫,ءء‬ p Ͻ 0.01 and p Ͻ 0.05, respectively (vs OVA-liposomes).
I and II molecules and to activate T cells with costimulatory molecules. It has been also shown that several viruses stimulated the expression of MHC molecules on infected epithelial cells (33, 40) . In this respect, we found that fusogenic liposomes are also capable of inducing epithelial cells to express MHC class II molecules (Fig. 3C) . These data suggest that fusogenic liposomes had an adjuvant activity against epithelial cells to enhance the MHC class II-mediated Ag presentation.
As shown in Figs. 4 and 5, fusogenic liposomes induced high levels of Th1 and Th2 responses. It is interesting to note that two distinct patterns of Th2-type cytokines were induced between inductive (NALT) and effective (nasal passage) sites of the nasal immune system. In the NALT of mice immunized with OVAfusogenic liposomes, high levels of IL-4 produced by Ag-specific CD4 ϩ Th2 cells may provide a molecular environment for the preferential induction of Ig class switching from to ␣ H chains. IL-4 supports TGF-␤-induced IgA-specific class switching in NALT (41) (42) (43) . Additionally, another group of Th2-type cytokines including IL-5 and IL-6 induces the differentiation of IgAcommitted B cells to plasma cells in the mucosal effector site (41) (42) (43) . Thus, high production of IL-5 and IL-6 was observed in CD4 ϩ T cells isolated from the nasal passages of mice nasally immunized with OVA-fusogenic liposomes. Furthermore, the induction of Th1-type cytokines such as IFN-␥ indicates the simultaneous generation of cell-mediated immunity including CTL. In addition, the production of IFN-␥, especially by nasal passage CD4 ϩ T cells, may create an optimal molecular environment for the efficient production of Ag-specific secretory IgA synthesis, because the induction of the secretory component (or poly-Ig receptor) is up-regulated by IFN-␥ (44).
As expected based on the cytokine profile of Ag-specific Th1 and Th2 cells, it was shown that fusogenic liposomes induced high levels of OVA-specific mucosal and systemic Ab responses (Figs. 6 and 7). According to previous studies, the coadministration of mucosal adjuvant was essential to generate Ag-specific mucosal and systemic immune responses via the respiratory and gastrointestinal immune system (6, 8) . A separate study showed that nasal vaccination with Streptococcus pneumonia pneumococcal surface protein A and the nontoxic mutant cholera toxin S61F induced protective immunity through Ag-specific mucosal IgA and systemic IgG Ab responses (7). However, nasal vaccine containing pneumococcal surface protein A alone did not cause the generation of Ag-specific Th and B cell responses. In contrast, fusogenic liposomes can effectively induce Ag-specific Th1 and Th2 cells in addition to the associated IgG and IgA Ab responses in both mucosal and systemic sites without mucosal adjuvant. Additionally, OVA-specific CTL responses were induced following nasal immunization with OVA-fusogenic liposomes (Fig. 8) . Direct intracellular delivery of Ag via the fusion process may guide an encapsulated Ag to the MHC class I pathway. In support of this, we have already shown that fusogenic liposomes can deliver encapsulated Ags into the MHC class I-dependent pathway (14) . These data strongly suggest that the fusogenic liposome is an effective nasal Ag delivery vehicle, especially against to virus infection due to their activities to induce Ag-specific CTL responses as well as Ab productions.
A similar vehicle (known as proteoliposome) was previously developed by the other groups (45) (46) (47) . This proteoliposome has been prepared by reconstituting biologically active Sendai virus glycoprotein into conventional liposomes using a dialysis method (45) (46) (47) . It was shown that rhesus monkeys develop Ag-specific CTL responses at the systemic compartments following systemic immunization with proteoliposomes containing SIV Ag (45) . However, the application of the proteoliposome as a vaccine was somehow targeted only the induction of systemic immune response. Therefore, the present study is the first to demonstrate the feasibility of fusogenic liposomes as an effective mucosal Ag delivery system for the induction of mucosal as well as systemic immune responses.
In summary, this study demonstrated that novel hybrid fusogenic liposomes constitute a powerful mucosal vaccine delivery system that can elicit Ag-specific CTL, Th1/Th2, and IgG and IgA Ab responses in mucosal and systemic sites.
